The objective of this research is to quantify the EEC (embodied energy/CO 2 ) of a building. The EEC represents the energy consumption and CO 2 emissions at individual phases of a building's life-cycle, such as construction (including manufacture of materials and equipment), renewal (including repair work) and demolition. Energy and CO 2 emission intensities in terms of 401 sectors were calculated, using the 2005 I-O (input-output) table in Japan. According to our case study conducted from the construction phase to demolition, the EC (embodied CO 2 ) of an office building used for 60 years is 12,044 t-CO 2 and 1,093 kg-CO 2 /m 2 in total. CO 2 equivalent emissions (CO 2e ) by Freon gases, contained in building materials, equipment and devices, were also calculated. As the results, CO 2e by insulators was 2% of the building's EC and CO 2e by refrigerants was 9%~12% of the building's EC. It is important to keep reducing emissions of Freon gases contained in refrigerators.
Introduction
The energy consumption/CO 2 emissions in the civilian sector business have been increasing, indicating that further energy-saving efforts are very important [1] . Consequently, the ZEB (zero energy building) target has been announced in order to achieve zero net energy consumption and zero CO 2 emissions in a building during operation [2] . Achieving the ZEB helps reduce CO 2 emissions due to the energy consumption for the operation. Consequently, in order to further reduce CO 2 emissions, it is important to reduce those caused by factors other than the operational energy. This is where the EEC (embodied energy/CO 2 ) assessment becomes important. Under such circumstances, IEA (The International Energy Agency)/EBC (Energy in Buildings and Communities Programme)/Annex 57 is attempting to develop an international guideline [3] .
The EEC represents the energy consumption and CO 2 emissions through the entire life-cycle of a product from its manufacture, construction, repair/renewal and demolition, including procurement of raw materials and transport. Methods for creating a database necessary for the EEC assessment are classified mainly as follows: a database based on investigations regarding the material balance, energy balance and the like, in the manufacturing process of materials (process model), a database based on the input-output analysis (I-O (input-output) model) and the hybrid calculation method. So far, researchers have conducted a number of studies regarding development of intensities and building assessments. Hacker et al. [4] conducted a study for reducing life-cycle CO 2 emissions by comparing the EC (embodied CO 2 ) when different building materials are used for a house, with the EC when the building is actually in operation. Chang et al. [5] selected a multistorey building for educational purposes as a model building and compared an intensity developed by combining the process model and the I-O model, with another one based solely on the I-O model, from which they demonstrated that the calculation result of the combined intensity is slightly larger than that of the I-O model. Suzuki and Oka [6] compared the life-cycle energy consumption and CO 2 emissions between multiple buildings having different scales and facilities, in which the operational energy was added to the EEC. Hammond and Jones [7] attempted to further optimize intensities by selecting the most appropriate one from existing literatures and providing feedback about the calculation result. Yokoyama et al. [8] calculated the intensity of resource consumption in terms of major materials used for buildings based on the Japanese I-O table in order to obtain the amount of resource consumption and the EEC through the entire life-cycle of an office building. Kaido et al. [9] calculated intensities in individual countries using I-O tables in Japan and the United States, where they compared various EEC values in the building industry. There are also many other studies regarding the EEC calculation [10] .
On the other hand, Freon gases are used in some of the insulators and refrigerants for refrigerators used in buildings. CFCs (chlorofluorocarbons) and HCFCs (hydrochlorofluorocarbons) were the most commonly used compounds in the past [11] , after the Montreal Protocol was ratified [12] , such compounds have been gradually replaced with HFCs (hydrofluorocarbons) and the consumption of HFCs has been steadily increasing since then [13, 14] . However, the GWP (global warming potential) of HFCs far exceeds that of CO 2 . Therefore, in addition to the conventional EEC assessment, it is also necessary to consider how much the EC is affected by Freon gases used in building materials, equipment and devices [11, 15] .
In this research project, since the Japanese I-O table   has 401 industrial sectors, the authors determined that  the EEC intensities could be calculated using the I-O  table and so the 2005 I-O table in Japan was used. As a case study, in which the intensity obtained by the procedure described above is actually used, the EC in each phase during the life-cycle of an office building, such as construction, renewal and demolition, which revealed characteristics of the construction work, structural materials, finishing materials and equipment, was calculated. Additionally, it was also calculated how much the embodied carbon dioxide equivalent (CO 2e ) is affected by Freon gases released into the atmosphere, which are used in building materials, equipment and devices.
Intensity of Energy Consumption and CO 2 Emission Factors of Industrial Sectors

Inverse Matrix Based on Competitive Imports Assumption
The basic transaction table of 2005 I-O table in Japan classifies Japanese industry into a 520 × 407 matrix. The items having unmatched industrial sectors in the rows and columns of this matrix were integrated into a 401 × 401 square matrix, in order to obtain a competitive import-style Leontief inverse matrix. Provided with the final demand vector F (D) , the ultimate gross domestic product vector X, which includes spillover effects, would be expressed in the following equation: 
where, a ij : activity from j product to i product (-); x ij : product from i sector to j sector (JPY/year).
Calculation of Intensity
The Japanese I-O (6) and (7), respectively. Table 1 shows various kinds of fuels used in the calculation as well as calorific values and CO 2 emission factors in the industrial process [16] .
where, E i : direct energy consumption per manufacturer price of 1 million yen in i sector (MJ/(Mil. JPY)); CO 2i : direct CO 2 emissions per manufacturer price of 1 million yen in i sector (kg-CO 2 /(Mil. JPY)); MAT ij : physical quantity j injected into i sector; KE j : unit calorific value of j substance ( Table 1) ; KCO 2j : CO 2 emission factor of j substance (Table 1) . CO 2 emissions from cement production is assumed 0.44 kg-CO 2 /limestone-kg.
By multiplying the direct energy consumption per manufacturer price of 1 million yen and the direct CO 2 emissions, obtained by Eqs. (6) and (7), respectively, by the Leontief inverse matrix expressed in Eq. (1), the ultimate intensity having spillover effects should be determined:
(9) where, IE: energy consumption intensity with spillover effects per manufacturer price of 1 million yen in each industry (MJ/(Mil. JPY)); ICO 2 : CO 2 emission intensity with spillover effects per manufacturer price of 1 million yen in each industry (kg-CO 2 /(Mil. JPY)); E: direct energy consumption row vector per manufacturer price of 1 million yen in each industry (MJ/(Mil. JPY)); CO 2 : direct CO 2 emission row vector per manufacturer price of 1 million yen in each industry (kg-CO 2 /(Mil. JPY)).
Values used in Eqs. (8) and (9) are based on the manufacturer price. Therefore, by adding the commercial margin and distribution margin indicated in the I-O table to these values, values based on the consumer price are obtained, which are used for adjusting the intensity per consumer price of 1 million yen. The EEC values per 1 million yen in major industrial sectors engaged in construction businesses are listed in Table 2 .
Calculation Methods for EC
Calculation of Embodied CO 2
3.1.1 Construction Phase Embodied CO 2 in the construction phase may be calculated either by multiplying the quantity (unit) of Table 3 shows the number of years before repair or renewal and the renewal ratio in terms of major building components, which are calculated according to the repair factor/renewal factor and the repair cycle/renewal cycle provided in Ref. [19] . In this case, the repair factor and renewal factor respectively represent a ratio of the expense for a one-time repair/renewal to the expense at the time of the initial construction. The repair cycle/renewal cycle indicates the number of years until the next repair/renewal. The renewal ratio is obtained by multiplying "repair/renewal factor of each component" by "number of repairs/renewals". When determining the number of repairs/renewals, the duration of use of a building is calculated as 60 years. Repair work will not be conducted when the number of years until the next scheduled renewal or the expiry of the duration of use is less than half of the repair cycle. Similarly, when the number of years until the expiry of the duration of use is less than half of the renewal cycle, the calculation will be conducted assuming that the renewal will not be necessary. Taking a refrigerator (air-source heat pump) for example, the repair factor is 0.23, the number of repair is 4, the renewal factor is 1.1, and the number of renewal is 3. Therefore, the renewal ratio of the refrigerator is calculated as 0.23 × 4 + 1.1 × 3 = 4.22.
3.1.3 Demolition Phase EC at the time of demolition is, according to Ref. [17] , Table 3 Renewal ratio.
Construction item Material item
Factor [19] Cycle (year) [19] Number of times 
Impact of Freon Gases Used in Insulating Materials
There are still some foam insulations in which Freon gases are used, though they are hardly used in major countries any longer. At any rate, we calculate the impact on EC when insulators containing Freon gases are used in an office building. The CO 2 equivalent emissions CO 2e (kg-CO 2 ) is expressed in Eq. (11) . Table 4 shows the density and initial content of Freon gases in terms of major insulating materials [15] . 
Impact of Refrigerants
Electric refrigerators use Freon gases as refrigerants. Freon gases may be released into the atmosphere when there is a leak in devices or pipes during operation, or the renewal/disposal is conducted improperly. The CO 2 equivalent emissions CO 2e (t-CO 2 ) from a refrigerator is expressed in Eq. (12) . Table 5 shows leak rates and collection rates of various refrigerating apparatuses [20] [21] [22] . (12) where, CO 2e : CO 2e (t-CO 2 ); W: initial filling amount of refrigerants (t); h o : leak rate of refrigerants (%); h d : collection rate at the time of disposal (%); and t: number of years used (year).
Case Study
EC in terms of a model office building was calculated. Table 6 shows the construction overview of the model office building subject to the calculation. Table 7 shows the calculation result of EC in the model office building. Fig. 1 shows the EC value per total floor space at the time of construction, renewal and demolition, respectively. Firstly, EC at the construction time was 666 kg-CO 2 /m 2 . Details by construction item consist of construction site 7%, structure 58%, finishing 17% and equipment 18%, the result of which indicates that structure has a significant impact. Secondly, EC at the renewal time was 355 kg-CO 2 /m 2 . The breakdown, including structure 3%, finishing 35% and equipment 62%, indicates that equipment has the largest impact. Finally, EC at the time of demolition was 73 kg-CO 2 /m 2 . The total EC was 1,093 kg-CO 2 /m details of which consist of construction 61%, renewal 32% and demolition 7%. Table 8 shows values used in the calculation and its result in terms of Freon contained in insulating materials [15] . CO 2e due to insulators having Freon gas (HFC-245fa) is 26 kg-CO 2 /m 2 . This is, as shown in Fig. 2 , equivalent to 2% of the building's EC (1,093 kg-CO 2 /m 2 ). We assume that the outer wall surface is relatively small compared to the total floor space, which makes the impact rather small. Even though the building's EC is not so much affected by insulators, we could still reduce CO 2e by about 2% by using Freon-free products. which means 9% of the total EC. This is, as shown in Fig. 2 , equivalent to 12% of the total EC, indicating that CO 2e attributed to refrigerants of an air-source heat pump has a significant impact on the total EC.
Calculation Result of EC
Calculation Result of Freon Gases in Building Materials, Equipment and Devices
Comparison with a Residential Building
An office building and a residential building were energy-saving performance during operation, both of which seem to have contributed to the greater impact. Next, Table 11 provides calculation conditions regarding refrigerants used in air conditioners for residential buildings. CO 2e due to the emission of refrigerants used in air conditioners for residential buildings was 59 kg-CO 2 /m 2 (= 0.047 kg/m 3 × 2,090 × 0.01 kg/kg × 60 year). As shown in Fig. 3 , the impact is not so much as insulators, however, CO 2e due to Freon gases used in refrigerants for air conditioners accounts for 22% of EC at the construction time.
Conclusions
Conclusions can be drawn as follows:
(1) The calculation method of the EEC based on the 2005 I-O table in Japan was demonstrated and the intensities in terms of 401 sectors were obtained;
(2) The total EC for a general office building was calculated. The EC at the time of renewal is equivalent to 53% of the EC for construction.
Particularly, in terms of equipment, the EC at the time of renewal generates approximately 1.8 times as much EC as construction. This is because equipment has a short renewal cycle compared to structure and finishing, indicating that a life-cycle extension of equipment would be important; (3) The impact that Freon gases contained in building materials and those used in equipment and devices have on the EC was calculated. When insulators containing HFC-245fa are used in a model building, the equivalent CO 2 (CO 2e ) is 2% of the building's EC. The percentage may look low. However, we still need to use Freon-free materials and to control Freon products appropriately.
In terms of refrigerators installed in the model building, during the life-span of 60 years, refrigerators emit the CO 2e , accounting for 9%~12% of the building's EC. It is important to keep reducing emissions of Freon gases into the atmosphere by improving quality during manufacture and construction (reducing leakage during operation), and conducting a thorough and proper control at the time of maintenance and demolition. It is also effective to reduce the installed capacity through energy-saving efforts in the building; (4) CO 2e due to Freon gases contained in materials used in residential buildings is, unlike the result of an office building, greatly affected by insulators. The further activities using the insulation materials which does not include Freon gases are important.
